We use a multimessenger approach to constrain realistic mixed composition models of ultrahigh energy cosmic ray sources using the latest cosmic ray, neutrino, and gamma-ray data. We build on the successful Unger-Farrar-Anchordoqui 2015 (UFA15) model which explains the shape of the spectrum and its complex composition evolution via photodisintegration of accelerated nuclei in the photon field surrounding the source. We explore the constraints which can currently be placed on the redshift evolution of sources and the temperature of the photon field surrounding the sources. We show that a good fit is obtained to all data either with a source which accelerates a narrow range of nuclear masses or a Milky Way-like mix of nuclear compositions, but in the latter case the nearest source should be 30-50 Mpc away from the Milky Way in order to fit observations from the Pierre Auger Observatory. We also ask whether the data allow for a subdominant purely protonic component at UHE in addition to the primary UFA15 mixed composition component. We find that such a two-component model can significantly improve the fit to cosmic ray data while being compatible with current multimessenger data.
terized by a spectral index, rigidity cutoff, and composition, emitting UHECRs into a surrounding environment. The environment is envisaged as containing both photons and a turbulent magnetic field. The photon field is characterized by its temperature (or peak energy if a broken power-law). A detailed description of the magnetic properties and size of the surrounding environment is not needed; one only needs the ratio of a UHECR's interaction time with a photon to its escape time from the source environment, as a function of UHECR energy, to fully characterize the source environment.Inspired by the diffusion of charged particles in a turbulent magnetic field, we model the energy-dependence of the escape time as a power law in rigidity. The energy dependence of the interaction times are based on the known cross sections of photonuclear interactions. Once a UHECR escapes from the environment it propagates to Earth, losing energy through Bethe-Heitler, photopion production, and photodisintegration interactions with the CMB and EBL. Fitting the observed UHECR spectrum and composition then fixes the parameters of the model, such as the escape-to-interaction time ratio at a reference energy and its energy dependence. Once these parameters are known empirically, sources whose properties are not compatible with their values can be excluded. Besides providing a very general framework for describing cosmic ray sources, the UFA15 model can be efficiently implemented numerically as discussed in [1] , allowing precise fitting of the model to data.
In the UFA15 model, the ankle is formed via spallation and photodisintegration of nuclei, leading to a pile-up of protons at energies below the ankle and a spread of nuclear compositions. The UFA15 mechanism yields good fits to both the entire UHECR spectrum and the composition dependence on energy [1] . This mechanism for generating the ankle has also been studied in [2] [3] [4] [5] .
Our purpose here is two-fold. First, we investigate what constraints can be placed on UHECR sources using the most up-to-date multimessenger data. Second, we ask whether UHECR data suggest any elaboration or improvement of the basic UFA15 model [1] .
Previous multimessenger studies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] used gammaray data from the Fermi -Large Area Telescope (LAT) [15, 16] and IceCube [17] to constrain neutrino signals. The IceCube neutrino bounds [17] were not strong enough to be particularly constraining and gamma-rays proved to only be significantly constraining for pureproton models [6, 8-10, 18, 19] . This paper is organized as follows. In Section II, we present the multimessenger data we will use to constrain UHECR source models. In Section III, we discuss the degree to which parameters of the UFA15 model, specifically redshift evolution of UHECR production and temperature of the source environment, can be constrained by multimessenger data. In Section IV, we discuss possible refinements of the UFA15 model. We summarize our results in Section V. In addition, Appendix A details the methods we used to simulate EM cascades and Appendix B provides some supplementary figures.
II. MULTIMESSENGER DATA
In this section we review the data products used in our study. Any viable UHECR source model must, of course, be able to explain both the observed UHECR spectrum and the observed composition. We focus on the UHECR data taken by the Pierre Auger Observatory (Auger) because of its higher statistics [23, 24] relative to the Telescope Array (TA). The UHECR composition measurements are consistent between the Pierre Auger and TA collaborations [25] , but the much greater statistics of the Pierre Auger Observatory enables it to make geometric cuts to obtain an essentially uniform X max acceptance and thus X max distribution with minimal detector or acceptance bias. The spectra measured by the two observatories are consistent within their respective systematic energy scale uncertainties over a wide range of energies, though there are hints of larger discrepancies at ultrahigh energies > 10 EeV [26] . Following UFA15, we allow for a systematic shift in the Auger energy and X max scales.
It is important to stress that, for both observatories, inferences on composition from the data depend on extrapolating models of UHE hadronic physics, which introduces a significant uncertainty. The depth of shower maximum, X max , of events detected by the fluorescence detector (FD) can be used to infer the composition. Auger measures the distributions of X max over many extensive air showers and publishes these distributions along with their first two moments (mean and standard deviation) [23, 24, 27] . Here we consider the first two moments of these distributions. In order to relate these moments to the composition one must interpret them via a hadronic event generator (HEG) to obtain the mean and variance of the logarithmic mass distribution ( ln A and V(ln A)) of UHECRs at Earth [28] . Commonly used LHC-tuned HEGs include EPOS-LHC [29] , Sibyll2.3c [30] , and QGSJet-II-04 [31] . Throughout this paper we use EPOS-LHC and Sibyll2.3c. We do not employ QGSJet-II-04 because it has been found to give considerably inconsistent interpretations of air shower data [27, 28] .
UHECRs give rise to neutrinos produced via photohadronic interactions with the CMB and EBL during UHECR propagation and also within the UHECR source environment via photohadronic and hadronic interactions with ambient photon fields and gas. Intergalactic space is practically transparent to neutrinos allowing them to propagate unimpeded from their source to their point of observation, though they do undergo both redshift energy loss and flavor oscillations. IceCube has detected an astrophysical neutrino flux in the ∼ 50 TeV to ∼ 10 PeV energy range [32] . Bounds on neutrinos beyond ∼ 10 PeV energies, hereafter extremely-high energy (EHE) cosmic neutrinos, are provided by the IceCube [33] , Auger [34] , and ANITA [35, 36] experiments. IceCube's latest bound from 9 years of observation provides the strongest constraint in the ∼ 10 PeV to ∼ 10 EeV energy range, while the combined bound from four ANITA balloon flights provides the strongest constraint above ∼ 10 EeV. We can use these limits to exclude UHECR source models which predict N ν > 2. 44 (3.09) at the 90% (95%) CL in the given energy range [37] .
UHECRs also give rise to gamma-rays. These are produced via neutral pion decay, both in the source environment and during UHECR propagation, and via EM cascades initiated by UHECR interactions with the CMB and EBL. However, since the universe is opaque to gamma-rays with energies 0.1 − 1 TeV [38] , it is not possible to observe gamma-rays directly produced in UHECR interactions except very nearby. Instead, gamma-rays which have cascaded down to energies TeV are observed. In the 100 MeV to 820 GeV energy range, LAT reports the total extragalactic gamma-ray spectrum, the extragalactic gamma-ray background (EGB), and the isotropic gamma-ray background (IGRB), defined to be the EGB with resolved point sources subtracted [15] . Many source types are expected to contribute to both the EGB and IGRB, the most significant among them being blazars, mis-aligned active galactic nuclei (AGNs), star-forming galaxies, and millisecond pulsars [39] . Estimates have been made of the truly diffuse gamma-ray background (TDGRB) -the gamma-ray background not coming from gamma-ray point sources -based on the fraction of the EGB above 50 GeV produced by both resolved and unresolved point sources [16] . The estimate in [16] provides a bound on the integral TDGRB flux above 50 GeV, which we present throughout this paper as an approximate differential bound. This approximate differential bound was obtained by subtracting the most conservative estimate FIG. 1. Predictions for (a) CR and (b) multimessenger signals in benchmark mixed composition models from UFA15 updated to latest Auger data -unshifted (blue), fiducial (red), and galactic mix (brown) -along with a pure-proton model as detailed in the text (green). Top: The CR spectrum (left) and composition (right) at Earth. For illustration, a breakdown of the spectrum at Earth by mass group is shown for the fiducial model (dashed colored lines). Data points are the 2017 Auger spectrum and composition, shifted (black circles, see text for details) and unshifted (blue squares). Xmax data is plotted with error bars and shaded boxes denoting statistical and systematic uncertainties. EPOS-LHC is used to infer the Xmax distribution moments from composition predictions. For reference, the predictions of EPOS-LHC for pure-proton and pure-iron compositions are shown (solid black lines). The reduced χ 2 quoted for the pure-proton model only includes composition data up to E = 10 18.5 eV. Bottom: The predicted gamma-ray (dashed lines) and neutrino fluxes (solid lines) are plotted along with the EGB in model A (black circles) and model B (blue squares), which differ in their assumptions used to calculate the galactic foregrounds [15] . The upper-bound on the TDGRB (grey band) and the highest energy bin of the IGRB (black upper-bound) are also plotted. The astrophysical neutrino flux measured by IceCube (data points and inferred spectrum) are shown in purple (dark and light, respectively). Upper-bounds from IceCube (black) and Auger (grey) on the EHE cosmic neutrino flux (solid lines) are shown along with projected sensitivities (dashed grey lines) for the GRAND200k, POEMMA, and RNO experiments [20] [21] [22] .
of the point source contribution to the EGB estimated in [16] -about 62%, when subtracting 1σ from the central value, of the total EGB model B integrated fluxfrom the EGB in each bin above 50 GeV. The IGRB also acts as an upper-bound on the diffuse gamma-ray flux arising from UHECRs, but in practice only its highest energy bin is more constraining than the TDGRB estimate. This highest energy IGRB bin places a limit of ∼ 7×10
−9
GeV cm −2 s −1 sr −1 on the flux in the ∼ 820 GeV energy bin. As shown in [19] , and will be further developed below, mixed composition UHECR source models are only weakly constrained by current gamma-ray data.
Each of these components -the CR spectrum, its composition, neutrinos, and gamma-rays -help constrain UHECR source models. Here we identify what are the most constraining data for different source model parameters. We also extend and elaborate the UFA15 modeling in several ways and update the CR data used. The χ 2 values reported throughout this paper are the result of a combined fit to both the Auger spectrum above E = 10 17.5 eV and the Auger composition for E ≥ 10
eV. CR interactions within the source environment are calculated as described in Appendix C of [1] . Extragalactic CR propagation and secondary production are based on simulations using CRPropa3 [40] and EM cascades are simulated using ELMAG [41] (see Appendix A for details). Throughout all of our calculations we adopt the Gilmore12 EBL [42] and a star formation rate (SFR) evolution [43] unless stated otherwise. An extragalactic magnetic field (EGMF) strength of 1 nG was used throughout all EM cascade simulations, but our results are insensitive to its value in the 10 −17 − 10 −8 G range (see Appendix A). All spectral indices are defined via a power-law with positive exponent, e.g. Φ inj ∼ E γ inj .
III. MODELS AND VARIATIONS
A. UFA15 Benchmark Models Figure 1 displays the multimessenger signals from three benchmark mixed composition source scenarios considered in the UFA15 paper [1] as well as the predictions of a pure-proton scenario with a galactic component. For the purposes of Fig. 1 , EPOS-LHC is used following UFA15. In the first two benchmark scenarios, the accelerator injects a single mass into the source environment. The injected mass is a fit parameter and turns out to be near Si. In the third scenario, the accelerator injects a mixed composition based on the flux fractions of nuclei observed in the Milky Way at 1 TeV [44] ; we call this the galactic mix scenario. The first unshifted single-mass scenario is fit directly to the published Auger spectrum and composition [23, 24, 27, 45] . The fiducial scenario fits the model to the Auger spectrum shifted by one bin upwards in the energy scale and to the Auger X max values shifted down by −1σ syst.Xmax . (These shifts were obtained in UFA15 by finding the combination of −1/0/+1 bin of energy and −1/0/ + 1 × σ syst.Xmax in X max scale which gave the bestfit to the data.) The shift by one bin in the logarithm of energy (0.1 decades) corresponds to slightly more than a +1σ syst.E (≈ 14%) shift. Throughout this paper we adopt these same shifts when fitting to the Auger data, except in the case of the unshifted model. Model parameters have been updated from UFA15 to fit the latest Auger dataset.
Composition measurements can put strong constraints on the types of source models which adequately describe the Auger data. The benchmark UFA15 mixed composition scenarios provide good fits to the CR spectrum and composition data, whereas interpreted using EPOS-LHC or Sibyll2.3c the data rules out pureproton source models [27, 46] . However, the LHC-tuned HEGs are known to not properly describe the hadronic component of UHECR air showers [47] . These shortcomings in the modeling of the hadronic part of air showers do not neccessarily falsify the fidelity of the description of the electromagnetic component (and thus X max ), but they make it plausible that variation of composition inferences with different HEGs do not cover the full range of theoretical uncertainties. Indeed it has been argued that pure-proton composition can fit the X max and σ(X max ) measurements if one allows for acceleratorcompatible modifications of the HEGs above E ≈ 10
18.5
eV [48] [49] [50] [51] .
1 Thus it is of interest to investigate whether a pure-proton model can give a reasonable accounting of the full UHECR spectrum and the X max observables up to E = 10 18.5 eV and at the same time satisfy multimessenger constraints. Figure 1 therefore shows not only the mixed composition UFA15 benchmarks, but also the best-fit scenario when the extragalactic component is taken to be pure-proton and the Auger data is shifted as described above. For consistency with the consideration of systematic uncertainties in [1] , we also investigated the effect of shifting the data by ±1 bin in energy and ±1σ syst.Xmax in X max . We checked if the pure-proton fit can be improved by using different systematic shifts of the energy and X max scale, but no significantly better fit resulted from this study (best reduced χ 2 = 12.19). Thus, a pure-proton model does not describe the Auger data well, even when allowing for the additional degrees of freedom from a low-energy Galactic component and ignoring the UHE X max data.
The qualitative differences in multimessenger signals between mixed composition and pure-proton models are interesting. Firstly, pure-proton scenarios generally produce a higher gamma-ray flux compared to mixed composition scenarios. This is due to pure-proton scenarios producing CRs with higher energy-per-nucleon on average, which allows energy to be more efficiently transferred into EM cascades via pair-production off of the CMB. This effect is strong enough that it leaves the pureproton model in possible tension with the upper-bound provided by the highest energy bin of the IGRB (due to the fact that some portion of this bin's flux is due to unresolved point sources), even if some modified UHE particle physics were to bring the UHECR composition data into adequate compatibility. In the future, refined limits on the gamma-rays that can be attributed to UHECR sources could allow for the exclusion of pure-proton scenarios independently of UHE particle physics, unless the predicted gamma-rays are observed.
2
In neutrinos, the pure-proton scenario produces a characteristic double-peaked neutrino spectrum, as can be seen in Fig. 1b . The pure-proton model predicts 2.25 events above ∼ 10 PeV and thus narrowly evades the 90% CL bound. Future neutrino data -with sufficient sensitivity to probe the higher-energy peak -will provide strong constraints on the amount of UHE protons compatible with data, since any scenario producing considerable amounts of UHE protons would produce this double-peaked feature. These peaks are due to photopion production off of the EBL, in the case of the lower energy peak, and off of the CMB, in the case of the higher-energy peak. By contrast, mixed composition scenarios produce a single, lower energy peak due to nucleons which produce pions in photonuclear interactions off of the ambient photon field in the source environment.
The gamma-ray signals predicted by the UFA15 mixed composition benchmark models are well below the EGB flux, as one sees from Fig. 1b . However, the neutrino flux for the best-fit fiducial, unshifted and galactic mix models yield 2.73, 3.98, and 5.76 events in the current IC2018 exposure and are thus excluded at 90%, 95% and 99% CL respectively.
In the next sections we explore how these multimessenger constraints suggest refinements and elaborations of the basic UFA15 framework, giving further insight into UHECR sources.
B. Source Evolution
We begin by considering the constraints which can be placed on the evolution of UHECR sources in mixed composition scenarios. As we shall see, the strongest constraints come from the UHECR spectrum and composition. We consider two parametrizations of the source evolution, ξ(z), the source comoving CR power density at redshift z relative to its value today: a SFR evolution [43] ,
where a = 3.26±0.21, b = 2.59±0.14 and c = 5.68±0.19; and, a single power-law with an exponential cutoff,
We fix z 0 = 2 following UFA15. Source models with positive (negative) m represent models with comoving CR power density increasing (decreasing) as redshift increases for z 1. See Fig. 2 for plots of the evolution in illustrative cases, with normalization scaled according to the UHECR power density injected above 10 17.5 eV in the given best-fit single-mass model, using EPOS-LHC and shifted Auger data for definiteness.
To quantify the constraint, Fig. 3 (and Fig. 10 (a) of [1] ) shows the quality of the fit to UHECR spectrum and composition for SFR evolution and evolutions with −5 ≤ m ≤ 5. Independently of the HEG, positive source evolutions are favored, with SFR or models having 2 m 4 giving the best-fits. The preferred range of evolution indices is similar to some models of the SFR and medium low luminosity AGNs [7] . The best-fitting model of all considered up to this point has SFR evolution when air shower data is interpreted using Sibyll2.3c and m = 4.2 when intepreted with EPOS-LHC, giving a reduced χ 2 of 2.00 and 3.38, respectively. We confirm the positive correlation between the evolution index m and the preferred spectral index of CRs injected into the source, reported in [1] (cf. their Fig.  10(c) ). In general, the Auger data is best reproduced using an injected spectral index harder than γ inj = −2, while the best-fitting evolutions (SFR or m 2) prefer γ inj −1. Figure 4 shows the UHECR and multimessenger predictions for SFR and some reference evolution indices m using Sibyll2.3c. For illustrative purposes, Sibyll2.3c is used due to its systematically better ability to describe air shower data (c.f. Fig. 3 ). The low energy UHECR composition data is most constraining on source evolution, as is apparent visually in the right panel of Fig. 4a . The source evolution at redshifts z 1 only impacts UHECR predictions at energies 10 17.8 eV, where the extragalactic component of the spectrum is dominated by UHECRs from high redshifts. We do not fit such low energies because the Galactic contribution is not well constrained. Thus the quality of the UHECR fit is sensitive to the behavior of ξ(z) only for z 1. However, the inferred comoving CR power density of UHECR sources does depend on the high redshift behavior of the source evolution.
While the source evolution at high redshifts is not constrained by UHECRs alone, it can, in principle, be constrained by other messengers. However, the gammaray and neutrino signals produced by these scenarios are well below current bounds, and so, multimessenger data are not constraining. However, it is worth noting that the shape of the gamma-ray flux is very sensitive to the source evolution. The strong increase in overall gammaray flux with the evolution index m is due to the increase in the average CR propagation distance as the evolution becomes more positive. This results in CRs undergoing more Bethe-Heitler pair-production interactions transferring more energy into EM cascades which populate the LAT energy band. To quantify the future constraining power of neutrino data on source evolution, we use the number of IC86-years to 90% CL exclusion. 3 In order for neutrino data to be strongly constraining, in either the evolution index m or the redshift cutoff z 0 , another 10 IC86-years of exposure are needed regardless of the HEG. Beyond that, future neutrino constraints will be strongly sensitive to the HEG used to interpret Auger data. Details and plots can be found in Appendix B.
C. Peak Photon Energy around the Source
The UHECR spectrum and composition are relatively insensitive by themselves to the peak photon energy of photons surrounding the source. By adjusting other source parameters, nearly identical CR spectra and compositions can be obtained for different peak photon energies. This is evident in Fig. 5 which shows the best-fit source model with ambient photon fields described by a blackbody spectrum at different temperatures. Not surprisingly, the gamma-ray flux produced by these models is only weakly sensitive to the photon field peak energy since the gamma-ray flux normalization depends mostly on the total energy-per-nucleon leaving the source environment and this must be roughly the same in all cases in order to fit the Auger spectrum. 4 Moreover, gamma-rays produced in the source environment are subdominant to those produced in propagation except for in the most negative source evolutions.
By contrast to the UHECRs themselves, neutrinos are a sensitive probe of the temperature or the peak photon energy of the photon field surrounding the source: hotter photon fields both photodisintegrate nuclei more efficiently and lower the threshold energy necessary for newly freed nucleons to produce photopions. But the neutrino flux normalization is sensitive to other UHECR source model parameters besides the peak photon energy, namely the injected spectral index and the source evolution. Softer spectral indices result in relatively more CRs at lower energies. These low energy CRs have a longer escape time and so undergo more interactions within the source environment producing more neutrinos. On FIG. 5. Impact of source temperature on the predicted CR and multimessenger signals. Ambient photon fields inside the source are described by a blackbody spectrum. Data points are the same as in Fig. 4 . Top: The CR spectrum (left) and composition (right) at Earth. For illustration, a breakdown of the spectrum by mass group is shown for the 500 K case (dashed colored lines). Bottom: Gamma-ray and neutrino signals at Earth. Evidently, the neutrino signal at ∼ 10 PeV is a sensitive probe of the peak photon energy in the source environment. Upper-and lower-bounds on the blackbody temperature of the source photon field from IceCube and data from Auger, respectively. Values were obtained by linear interpolation, so fine structure may not be significant. For ease, these constraints are converted to constraints on the peak photon energy ε0 of a broken power-law photon field (right y-axis).
the other hand, more positive source evolutions produce more neutrinos in propagation, due to longer UHECR propagation times.
To obtain conservative constraints on the source temperature from neutrinos, we minimize the number of neutrinos produced in the source environment by fixing the injected spectral index to γ inj = −1. Further, we choose a blackbody rather than broken power-law photon energy distribution, since it minimizes the number of neutrinos produced in the source environment as shown in UFA15 (see their Fig. 12 ). The resulting upper limits on the temperature of the photon field surrounding the accelerator are shown in Fig. 6 for various source evolutions and both HEGs. The corresponding constraint on the peak photon energy/temperature for other photon field parameterizations can be obtained using equation (A3) in [1] . Across all evolutions, ambient photon fields with blackbody temperatures T BB ≥ 2000 K are excluded at 90% CL based on neutrino data alone. For SFR and source evolutions with m 2, as favored by UHECR data, we exclude photon fields hotter than T BB 1000 K, at 90% CL. For a broken power-law photon field these bounds correspond to an upper-bound on the peak photon energy of ε 0 ≤ 300 meV across all evolutions and ε 0 250 meV for SFR and m 2 source evolutions.
A lower bound can also be placed on the source temperature by considering the goodness-of-fit to the Auger spectrum and composition. Compared to the best-fit, the χ 2 for the CR data dramatically worsens as the source photon field temperature goes to zero (see Fig. 12 in [1] ). This is because cool photon fields do not produce enough photodisintegration in the source environment to reproduce the Auger composition or the population of subankle protons. We consider temperatures producing fits which are 3σ worse than the best-fit to be excluded by Auger data. This constrains CR sources to have photon fields hotter than T BB = 60 K at the 90% CL, regardless of evolution or HEG. This lower-bound corresponds to a minimal peak photon energy of ε 0 = 50 meV for a broken power-law photon field.
IV. REFINEMENTS TO UFA15
A. Distance to Nearest Source Depending on how particles are entrained in the accelerator, the UHECRs emerging from the accelerator can have a relatively pure composition or a mixed composition. The benchmark model comparisons of Fig. 1a show that the fiducial model, with single-mass injected, has χ 2 red = 3.69 while the corresponding galactic mix model gives a poorer fit, χ 2 red = 7.14. In this subsection, we investigate whether this contrast is an indication that the source accelerates a relatively pure rather than a broadly mixed composition.
Examining the galactic mix curve in Fig. 1a , it is evident that the poor fit is partly caused by the predicted spectrum extending too high in energy relative to the data. This cannot be fixed by reducing the maximum energy of the accelerator, for a given composition, because proper placement of the ankle fixes the rigidity cutoff R max of UHECRs from the accelerator. This is due to the fact that nucleons freed in photodisintegration interactions obey the relation
max , where E max p,PD is fixed by the relative position of the ankle and the observed spectral cutoff. So insisting on a composition with heavy components, such as Fe, forces the spectrum to extend to higher energy than in the well-fitting case that Si is the heaviest component.
However there is a potential cure for a spectrum which extends too high in energy. Due to the Greisen-ZatsepinKuzmin (GZK) cutoff [52, 53] , the CR spectrum at the highest energies is very sensitive to the distance of the nearest source (see e.g. [54] ). To study this sensitivity, we employ a model using a galactic mixture of injected CRs and SFR source evolution, but with extragalactic propagation which has a minimum comoving source distance from Earth, D min . Figure 7 shows that the fit to the Auger spectrum at the highest energies can be substantially improved for galactic mix models by introducing a non-zero distance to the nearest source. For the shifted 2017 Auger spectrum, the best-fit is obtained for a nearest source distance of D min = 30 − 50 Mpc, independent of the HEG used to interpret air shower data. However, it is important to keep in mind several points.
Firstly, while the fit to the spectral cutoff is improved by D min = 30 − 50 Mpc, the fit to X max at high energy remains worse than for our single-composition scenarios. Secondly, the best-fit D min depends strongly on both the heaviest nucleus injected into the source environment and the systematic shifts in energy and X max we have used. For instance, if we left the Auger data unshifted the best-fit distance to the nearest source would be farther from Earth, while if instead we used a lighter composition injected into the source environment the best-fit distance to the nearest source would be nearer Earth. Therefore, mild adjustments in the injected composition might allow the fit to X max at highest energies to be improved while also fitting the spectral cutoff; we do not pursue such adjustments here.
Thirdly, although one might think that increasing the source temperature could equally well solve the problem of too much flux at the highest energies, allowing D min = 0 Mpc by producing comparable amounts of photodisintegration as would be created during propagation, this scenario is excluded. Source temperatures high enough to produce the required amount of photodisintegration are excluded by the excess of neutrinos that are produced in the source as a result.
Finally, multimessenger signals cannot be used to constrain D min since both the gamma-ray flux within the LAT energy range and the EHE cosmic neutrino flux are fairly insensitive to this parameter. This is because these fluxes are mostly due to cumulative contributions throughout the history of the universe, so that high redshifts make a significant contribution to the observed fluxes. However, a nonzero distance to the nearest source increases the minimum amount of photodisintegration experienced by CRs in propagation reducing the need for pre-escape attenuation of the highest energy CRs. Therefore, a relatively distant nearest source can describe the Auger spectrum with a cooler ambient photon field and so we expect the neutrino flux to be smaller in this case.
In a single-mass scenario, where a pure composition emerges from the accelerator, data prefers a relatively nearby, 10 Mpc, closest source as can be seen in Fig. 14 of Appendix B. However, even in the single-mass case this preference is strongly sensitive to the injected composition and systematic shifts in energy and X max which are chosen.
This leads us to conclude that current data is not able to discriminate between a mixed and pure composition injected by the accelerator, in the absence of knowledge of the distance to the nearest source.
B. Subdominant Pure-Proton Component
Here we consider the possibility of a second, subdominant component of UHECRs in addition to CRs originating from sources described within the UFA15 framework. Specifically, we consider that some population of sources produces a pure-proton component escaping the source environment which extends to energies 10 EeV.
A pure-proton composition was originally expected for GRBs [55] , due to the extreme temperatures in the collapsar which dissolve nuclei depending on the radius at which they are injected into the jet. The possibility that both pure-proton or mixed compositions can follow from different conditions has been discussed by multiple authors, e.g., see [56, 57] . Phenomenologically, it is interesting to investigate whether such an additional component may better describe the Auger data and whether such a component can be ruled out by multimessenger data. Further motivation to study an additional UHE light component comes from recent observational evidence using Augers surface detector (SD), which shows that the rate of increase of the average nuclear mass with energy is slowing at the highest energies [58] . That analysis makes use of the fact that the SD rise-time is sensitive to composition and that the order-of-magnitude larger SD dataset provides adequate statistics to study trends to higher energies than is possible with the fluorescence detectors measurements of X max .
To study this question we introduce an additional component characterized by only three parameters: the spectral index of the escaping protons, γ p , the cutoff energy of their spectrum, E UHEp max , and the fraction f p of energy carried by these protons relative to the total energy of all CRs escaping their source with E > E ref = 10 19 eV. Quantitatively, f p and Φ p are defined as
and
where Φ p is the spectrum of escaping second-component protons and Φ mix is that for the mixed composition (i.e. UFA15) component. We perform our analysis for four cases: injecting a single-mass or galactic mix for the UFA15 component while using EPOS-LHC or Sibyll2.3c as the HEG. We fix both injected spectral indices to γ inj = γ p = −1, the former because it is typical of the best-fits of UFA15 models with no extra component and the latter because we are interested in the possibility of a protonic component which can be visible to high energies. For f p and E
UHEp max
we step through a grid of values. In the case of an injected galactic mix, we allow the distance to the nearest source to float between 0−100 Mpc. The fits of these four cases with the maximum proton fraction and best-fit proton fraction are shown in Figs. 8 and 9 respectively and the χ 2 contours are displayed in Fig. 10 FIG. 7. Impact of nearest source distance Dmin on the predicted CR and multimessenger signals. Spectra were obtained using a SFR evolution beyond Dmin and zero sources for D < Dmin. Data points are the same as in Fig. 4 is from the best-fit with f p = 0. 5 In all four cases, the global minimum has a non-zero value of f p , indicating that the addition of a light component of UHECRs at high energies can better describe the data. Interpreting the Auger X max data using EPOS-LHC, the fit improves by more than 5σ relative to the global minimum for both the single-mass and galactic mix cases. These improvements in the fit quality are most strongly driven by an improved description of ln A . High values of f p are most strongly prevented by a degrading description of V (ln A) (see Appendix B for more details). The contour lines in Fig. 10 show that currently only high values of f p are excluded by data from Auger and IceCube. (Presently, the bound is mostly driven by the Auger data.) Figure 9 shows the CR spectra and composition and multimessenger signals predicted for the global best-fits in each of the four cases. The second peak at higher energy in the neutrino flux is characteristic of a non-negligible amount of trans-GZK protons escaping the source environment, which is strongly dependent on E UHEp max . In order to understand the observational implications of these fits with a secondary purely protonic component to UHECRs, we need to map from the model parameters f p and E
to the observed proton (number) flux fraction above some specified reference energy E ref . This 5 Here we follow the PDG [44, 60] and define the number of standard deviations from the best-fit as N σ = S −1 χ 2 model − χ 2 min , where S = χ 2 min /N dof is a scale factor introduced in [60] to enlarge the uncertainties in account of a poor χ 2 at the minimum, N dof is the number of degrees of freedom, χ 2 min is the χ 2 for the global minimum, and χ 2 model is the χ 2 for a given model. N rel σ is defined as N rel σ = sgn(χ 2 − χ 2 | fp=0 )S −1 χ 2 max − χ 2 min , where χ 2 max = max(χ 2 , χ 2 | fp=0 ) and χ 2 min = min(χ 2 , χ 2 | fp=0 ).
mapping is shown in Fig. 11 , in which the color scale indicates N rel σ for the best-fit model able to produce that fraction. A more elaborate version of Fig. 11 , detailing the dependence of the observed proton flux fraction on the source cutoff energy E UHEp max , is shown in Fig. 15 of Appendix B. Figure 11 shows there are viable scenarios which produce an observed CR flux above 50 EeV which is at least 10% protons in all the composition-HEG combinations considered. At the extreme, more the 35% of the observed CR flux above 50 EeV could be protons. If these protons exist and can be identified on an eventby-event basis, they will potentially allow for a new era of CR astronomy. The UHECR predictions of the models of each type having maximal protonic contributions are shown in Fig. 8 . As can be seen, both spectrum and X max are described very well, but the last data point on σ(X max ) is much lower than the model predicitions. We estimate the chance probability to observe a σ(X max ) less than or equal to the observed value given the composition fractions of our prediction by drawing realizations of σ(X max ) for the observed number of events (N = 62) using the parametrization of X max distributions from [61] . This yields a chance probability of P = 1.55% for the single-mass Sibyll2.3c model and it can be concluded that our maximum proton model is only in mild tension with the currently available low-statistics measurements at UHE.
While Fig. 10 shows that continued running of current neutrino experiments will not be able to constrain the remaining parameter space, but future neutrino detectors should be able to put strong constraints on f p , as can be seen in Fig. 9b . Future mass-sensitive UHECR detectors, such as AugerPrime [62] and POEMMA [63] , should also be able to constrain f p considerably.
For this study we considered an additional pure-proton component but any scenario which lightens the observed composition at energies 10 EeV will enable an improvement in the fit quality to the Auger data relative to the UFA15 component alone. Given that a pure-proton scenario should be the most constrained, due to the larger EHE cosmic neutrino and gamma-ray fluxes pure-proton models produce compared to mixed composition models, our choice shows that there is broadly room for an additional light component above 10 EeV.
V. SUMMARY
In this paper we have examined the degree to which UHECR sources and their environments can be constrained by current CR and multimessenger data. The combination of CR composition and neutrino data are the most strongly constraining, once a good fit to the UHECR spectrum is demanded. We find that any realistic UHECR source model not excluded by CR or neutrino data is unconstrained by gamma-ray data.
Current UHECR data mildly favors positive source evolutions (CR production increasing with redshift for z 1), regardless of our parametrization of the ambient photon field inside the source or the hadronic event generator (HEG) used to interpret air shower data (see Fig. 3 ). Current neutrino experiments do not, and will not, strongly constrain the source evolution (see Fig. 13 ). Constraints on the source evolution are strongly depen- Color indicates the number of standard deviations from the best-fit model without a subdominant pure-proton component for the best-fit model allowed by current data and able to produce the specified observed proton fraction. Grey regions indicated observed proton flux fractions not realized by the models we considered. Only models consistent with current Auger data are plotted. dent on the HEG used to interpret air shower data, so reducing the particle physics uncertainties in air shower modeling will be necessary to fully exploit the power of future neutrino experiments to constrain UHECR source models.
Current neutrino data is already constraining for the temperature of the ambient photon field inside the source (see Fig. 6 ). Ambient photon fields whose blackbody temperature is T BB ≥ 2000 K are excluded, regardless of the source evolution assumed and the HEG used to interpret air shower data. For preferred source evolutions (SFR and those with m 2), sources are constrained to temperatures T BB < 1000 K. Complementarily, Auger data constrains the source to have temperature hotter than T BB = 60 K. These bounds correspond to the peak photon energy of a broken power-law photon field being constrained to be 50 ≤ ε 0 ≤ 300 meV.
We also considered two refinements of the original UFA15 modeling, in addition to updating to the latest Auger data: allowing for the nearest source to be at some minimum distance and allowing for a subdominant pureproton component at UHE. The best-fits for a simple UFA15 scenario are when a narrow mass range near Si is injected by the accelerator and the distance to the nearest source is small. However if the nearest source in the Auger field-of-view is 30 − 50 Mpc away, a galactic mix of masses gives an acceptable fit, for either HEG (see Fig. 7a ).
An additional UHECR component consisting of protons escaping the source with energies 10 EeV can strongly improve fits to Auger data. Allowing for a subdominant pure-proton component results in more than 5σ improvement in the quality of fit for some scenarios (see Fig. 10 ). Such an additional component is largely unconstrained by gamma-ray and neutrino data and may produce more than 10% of the observed CR flux above 50 EeV. If high energy protons are present in the spectrum and tagged using event-by-event composition indicators, accessible thanks to the AugerPrime upgrade, a subset of high rigidity events can be identified. Their deflections in the galactic magnetic field would be smaller than those of the predominantly lower-rigidity main component, potentially permitting CR astronomy. The prominence of such a subdominant pure-proton component will be strongly constrained by future neutrino experiments like GRAND200k and RNO, as well as by future highexposure mass-sensitive UHECR observatories such as AugerPrime and POEMMA.
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Appendix A: Calculation of EM Cascades
In order to efficiently calculate the predicted flux of gamma-rays (and electron-positrons) over a wide variety of source models we have taken advantage of the following observation: for both CRs and EM cascades, the average observed flux on Earth from a given particle depends only on the primary particle's initial energy, distance from Earth, and particle type. 6 The observed EM spectrum also depends on the extragalactic magnetic field (EGMF) strength, but we will show that for the LAT energy band the observed EM cascade is insensitive to the parameter as long as the EGMF is within the range observationally allowed values.
Having this in mind, we tabulate the average observed LAT gamma-ray flux given a UHECR of any species produced with any given energy and distance. Since the EM cascades we are considering are seeded by UHECR propagation, the energy and distance range relevant for EM cascades is driven by the range of energies and distances at which EM cascades are seeded by UHECRs and observed by LAT. We consider UHECRs with energies between 10 17 eV and 10 21 eV, initial comoving distances of 0 − 7.96 Gpc (z 5) from Earth, and mass numbers A = 1 − 56. Pions produced by UHECR interactions also seed EM cascades and so we consider pions with energies between 10 14 eV and 10 21 eV and the same initial comoving distances as for UHECRs. LAT observes gamma-rays in the 100 MeV to 820 GeV energy range so the lower end of the energy range which needs to be tabulated is set by this band. Therefore, the parameter space of interest is EM cascades seeded by either electrons/positrons (hereafter, electrons) or photons with energies in the 10 8 −10
21
eV range initiated at 0 − 7.96 Gpc in comoving distance from Earth. For UHECRs and EM cascades we tabulate the observed fluxes in bins 20 Mpc wide in comoving distance and a tenth of a decade wide in energy. These bin sizes were chosen in order to ensure results were insensitive to details of the injection within a bin. For EM cascades initiated by particles with energies less than 10 12 eV, we simulate the cascades directly with ELMAG [41] . However, for EM cascades more energetic than 10 12 eV direct Monte Carlo simulation of the EM cascade becomes extremely computationally expensive. To overcome this limitation we perform abridged simulations of cascades above 10 12 eV in energy, building higher energy-distance bin EM cascades out of pre-calculated EM cascades in lower energy-distance bins. Namely, we simulate the EM cascade with ELMAG, stopping the simulation of particles which have moved to a lower energy or distance bin than the bin in which the cascade was initiated. Once all particles' simulation has been stopped their energy-distance bin distribution is calculated. The observed flux can then be obtained by summing over the fluxes of the lower energy-distance bins weighted by the number of particles whose simulation terminated in that bin. Therefore, observed flux f νµ ij (E) of particles of type µ (γ or e ± ) from a cascade initiated in the ijth energydistance bin by a particle of type ν is given by
where N µρ ijmn is the number of particles of type ρ produced in the mnth energy-distance bin due to an EM cascade initiated in the ijth energy-distance bin by a particle of type ν and f ρµ mn (E) is the observed flux of particles of type µ due to an EM cascade initiated in the mnth energy-distance bin by a particle of type ρ. Following this procedure, the fluxes due to EM cascades at high energies can be much more efficiently calculated by building them up from those already calculated at lower energies.
Next, we would like to know the EM signal due a UHECR propagating from the ijth energy-distance bin. In order to calculate this, we simulate UHECR propagation from the ijth energy-distance bin using CRPropa3 [40] and we tabulate the distribution of EM secondaries produced in propagation. These EM secondaries seed the EM cascades and so the total EM signal f Aµ ij (E) produced by a CR of mass number A propagating from the ijth energy-distance bin is given by
where N Aν ijmn is the number of secondary particles of type ν produced in the mnth energy-distance bin by a CR of mass number A propagating from the ijth energydistance bin and f νµ mn (E) is the observed flux of particles of type µ due to an EM cascade initiated by a particle of type ν in the mnth energy-distance bin.
In the case of EM cascades seeded by pions, we can use (A2) to calculate the observed flux f 
, where m is such that
This approximation is well-motivated since even the longest lived pions decay promptly (within 10 −2 pc) via nearly a single decay channel.
To test the dependence of these results on the value of the EGMF strength assumed we calculated the EM cascades for three benchmark (RMS) values of the EGMF strength: 10 −17 G, 10 −9 G, and 5 × 10 −8 G. These values span the range of observationally allowed values [64] . Figure 12 shows the gamma-ray flux in two different UHECR source models, the fiducial and pure-proton models from § III A, plotted for each of these EGMF field strengths. As can be seen, while there are significant differences at UHEs, the flux in the LAT energy band is very insensitive to this parameter. Figure 13 shows the number of IC86-years to 90% CL exclusion for models throughout m − z 0 parameter space for the two considered HEGs. The models presented in Fig. 13 were obtained by minimizing the predicted neutrino flux by lowering the temperature of the ambient photon field in the source while remaining within 3σ of the best-fit to the CR spectrum and composition. Figure 13 shows that the constraining power of neutrino data is strongly sensitive to the HEG used to interpret the Auger data, though neutrinos are not currently constraining in either HEG. Adopting EPOS-LHC leads to a model that produces many more neutrinos than if one adopts Sibyll2.3c. This is because Sibyll2.3c infers a heavier composition on Earth from the observed X max data, allowing for relatively cooler source environments to describe the Auger data.
Spectral Dependence on Nearest-Source
Distance in Single-Mass Scenarios Figure 14 shows the effect of a nonzero nearest source distance in single-mass models. As can be seen, these models generally prefer nearest source distances 10 Mpc from Earth (though this is strongly sensitive to the choice of systematic shifts in the data) and prefer a heavier composition as D min increases.
Observed Proton Fraction with a Subdominant
Pure-Proton Component Figure 15 shows the observed proton flux fraction above a given reference energy as a function of the cutoff energy of the subdominant pure-proton component. Considerable observed proton fractions in models consistent with current Auger data are possible, regardless of the cutoff energy of the additional component. The most significant improvement comes from an improved fit to ln A , while the improvement to the other observables is more mild. Generally, high values of f p are excluded due to a quickly degrading ability to fit V (ln A). This is often in spite of the fact that the description of ln A may be improved over this range of values of f p . This is a generic feature we have found in fitting both the spectrum and composition observed by Auger: often models fitting ln A are at odds with those fitting V (ln A). This puts very strong constraints on the types of models which are able to describe both of these observables simultaneously.
The fact that a subdominant pure-proton component most strongly improves the fit to ln A is due to the difficulty photodisintegration models have simultaneously reproducing the ankle and spectral cutoff (which controls the composition at the highest energies in photodisintegration models independent of HEG), the composition at the ankle, and the elongation rate between the ankle and the end of the UHECR spectrum. Single-component photodisintegration models are able to reproduce the first two of these features well but are challenged to some degree to achieve the correct elongation rate. Namely, photodisintegration models predict the spectrum getting heavier too quickly compared to observations between the ankle and the end of the spectrum. The addition of a light second component can then improve the description of the composition in this region.
EPOS-LHC benefits most from the addition of a subdominant light component (see Fig. 10 ), since EPOS-LHC infers a lighter composition compared to Sibyll2.3c. This induces a more dramatic decrease in the predicted elongation rate in the ankle-to-spectralcutoff region compared to Sibyll2.3c (e.g. compare the predicted elongation rates in Fig. 1a with those in Fig. 4a) . In other words, EPOS-LHC requires the spectrum get heavier even faster than Sibyll2.3c due to the larger discrepancy in the mass it infers from X max data at the ankle and the mass at the spectral cutoff set by spectral data, which is HEG independent.
Similarly, galactic mix models generically benefit from a second light component more than single-mass models because the composition in galactic models is heavier at the highest energies than that in single-mass models (whose injected mass is set by the relative positions of the ankle and the spectral cutoff independent of HEG). This also acts to decrease the elongation rate above the 12 . Effect of the extragalactic magnetic field on the predicted gamma-ray signal in representative UHECR source models, described in § III A. For reference, the LAT EGB models A and B [15] are plotted. The Auger upper-bound on UHE gammarays [59] is plotted in black.
ankle.
Clearly, advances in the fidelity of HEGs will be highly beneficial for exploiting the full information in the UHECR X max and σ(X max ) observations. Table I gives the best-fit parameters for some models presented throughout this paper. The parameters in this table are as follows: γ, the spectral index at injection into the source environment; the composition indicates either the mass number injected into the source or a galactic mix; R max , the rigidity at which the injected spectrum is exponentially cutoff;ε 17.5 , the comoving CR power density above 10 17.5 eV of CR sources at z = 0; D min , the comoving distance to the nearest extragalactic UHECR source; T , the temperature of the ambient photon field surrounding the source; δ, the power law index of the escape length as a function of rigidity; R Fe 19 , the escape-to-interaction time ratio for an 10 19 eV iron nucleus; γ gal , the spectral index of the observed galactic CR spectrum; A gal , the mass number of the galactic CRs; f gal , the galactic CR (number) flux fraction at 10 17.5 eV; E gal max , the energy at which the galactic CR spectrum is exponentially cutoff; f p , the fraction of energy carried by the additional pure-proton component relative to the total energy of all CRs escaping their source above 10 19 eV [see (3)]; and, E UHEp max , the energy at which the additional pure-proton component is exponentially cutoff. Figure  Fig TABLE I. Best-fit parameters in various models presented throughout this paper. Bolded values indicate the parameters were free during the minimization procedure. Values with parentheses are for models using Sibyll2.3c, while those without parantheses are for models using EPOS-LHC. All fits were performed to shifted Auger data as explained in § III A. The models explored are as follows: "Evolution" is the best-fit source evolution in a single-mass model; "Dmin" is the best-fit minimum source distance in a galactic mix model; and, "Extra Proton Component I & II" additional subdominant proton component models with single-mass and galactic mix models, respectively. SFR is the star formation rate evolution of [43] presented in (1). BB and MBB are blackbody and modified blackbody photon fields, respectively. See text for definitions of other parameters. 19 20 19.2 19 20 19.3 19 20 19.4 19 20 19.5 lg(Eref/eV) 19 20 lg(E UHEp max /eV) 19.6 19 20 19.7 19 20 19.8 19 20 19.9 19 20 20.0 19 20 19.2 19 20 19.3 19 20 19.4 19 20 19.5 lg(Eref/eV) 19 20 lg(E UHEp max /eV) 19.6 19 20 19.7 19 20 19.8 19 20 19.9 19 20 20.0 19 20 19.2 19 20 19.3 19 20 19.4 19 20 19.5 lg(Eref/eV) 19 20 lg(E UHEp max /eV)
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